Based on the reaction of horseradish peroxidase (HRP) with nitric oxide (NO), a novel detection method of NO has been developed. The method uses second-order derivative spectrometry in an anaerobic phosphate buffer solution. The effects of pH and HRP concentration on the determination of NO in HRP system were investigated, and the conditions for the measurements were optimized. Some possible coexisting substances, such as nitrite, nitrate and hydrogen peroxide, were tested. The linear regression equation of standard curve was found to be h = 8.89 × 10 -2 cNO -1.56 × 10 -3 with the relevant coefficient of 0.9966 (n = 5) in the NO concentration range of 0.085 -1.3 µM. The relative standard deviations were less than 3%. Based on the standard deviation of 5 blank measurements and a signal-to-noise ratio of 3, the detection limit for NO was 0.032 µM. The proposed method was successfully applied to the determination of NO levels in serum samples.
introduction
As a diffusible gaseous free radical and as an important biologic messenger molecule, 1 nitric oxide (NO) is produced from L-arginine by NO synthase in mammalian cells. 2 Since NO was discovered as the endothelial cell-derived relaxing factor (EDRF) in the vascular system, 3 this fascinating molecule has been shown to regulate several biological functions in the cardiovascular, respiratory, and nervous systems. 4, 5 Such results have stimulated extensive research interest. Nowadays, it is well known that NO can mediate a large number of physiological and pathophysiological processes. How to monitor the change of endogenetic NO quantitatively under physiological conditions thus becomes important. However, NO is extremely labile 6 and is easy to convert into NO2and NO3in the presence of O2 and H2O. As a result, a direct measurement of NO is extremely difficult.
Several detection methods of NO have been reported, including electron spin resonance spectroscopy (ESR), 7 gas chromatography-mass spectrometry (GC-MS), 8 spectrofluorometry, 9, 10 chemiluminescence, 11, 12 spectrophotometry, 13, 14 chromatography, 15 and electrochemical detection. 16 ESR and GC-MS are well recognized techniques for the determination of NO. However, they need expensive instruments. Hitherto, diaminofluorescein fluorometry with high sensitivity and selectivity has been described. 17 Diaminofluorescein reagents can not be obtained from commercial sources, however, and need to be synthesized with expensive chemicals and complicated procedures, so application of this fluorescence technique is limited. Other detection methods also have drawbacks in operating procedure, detection sensitivity, or difficulty in preparing the NO-sensing electrode. Therefore, it is necessary to develop more efficient methods to meet the need for detecting NO.
Horseradish peroxidase (HRP) is a heme protein with peroxidase activity. 18 NO can readily react with different metal centers in heme proteins to form the stable nitrosyl-metal complexes. 19 The reaction kinetics of HRP with NO to form stable nitrosyl-ferric complexes is also reported. 20 A detection method of NO using HRP as a reactant has been established by Kikuchi et al. 21 The result indicated that the detection method was more convenient for concentration determination of NO solution compared to the methods that use hemeproteins Hb or MetHb (methemoglobin). The calibration graph was linear and the detection limit was 10 nM using a 10-cm path-length cuvette with 38 ml volume. Although the HRP spectrophotometric method gave very high sensitivity and is very useful in quantifying NO in standard solution, it required a large amount of expensive HRP and possible interferences were not examined. To the best of our knowledge, no reports on real applications of the method to date have been published for detection of NO in various biological samples. In this study, for the first time, the UV second derivative spectra of NO-HRP complexes were measured, and a new method was successfully constructed using second-order derivative spectral technique for the detection of NO in the serum samples.
Experimental

Apparatus and chemicals
A UV-2450 spectrophotometer equipped with a computer for storage and manipulation of spectrophotometric data (Shimadzu, Japan) was used to record normal and derivative spectra in the wavelength range 300 -650 nm. A used septum-sealed quartz cuvette was attached through a quick-fit joint to an all-glass vacuum system as previously described. 8 A pXS-350 ionometer (Shanghai Second Analytical Instrument Plant, China) was used to measure pH-values. A Shimadzu T-85 Thermo bath (Shimadzu, Japan) was used to control the reaction temperature.
NO (99.99%) was purchased from Tianjin Saimeite Special Gas Co. Ltd., and directly used without further purification. HRP was obtained from Solarbio Co. Ltd. The serum was provided by the Hospital of Shandong Agriculture University. All other chemicals were of analytical grade; redistilled water was used in all experiments.
Preparation of reactant solutions
Phosphate-buffered saline (PBS) consisted of 8.0 g/L NaCl, 0.20 g/L KCl, 3.63 g/L Na2HPO4·12H2O, and 0.24 g/L KH2PO4 (0.01 M, pH 7.4).
A saturated NO solution was prepared by purging deoxygenated phosphate buffer solution (0.01 M, pH 7.4) with NO passed through an aqueous 10% KOH trap for 45 min. 22, 23 NO concentration was 2 mM at 25 C.
Spectrophotometric method
A series of solutions was prepared in 0.01 M PBS (pH 7.4) under anaerobic conditions, each with a fixed concentration of HRP (1.36 µM final concentration) and a varying, increasing amount of NO (0.17, 0.33, 0.50, 1.00, 1.33 µM final concentration). Normal absorption spectra of the solutions were recorded over the range 300 -650 nm. The corresponding second-order derivative spectra were created by applying a Savitzky-Golay algorithm with a value of Δλ = 16 nm and a scaling factor of 1000. The amplitudes (h) between the peak and its near valley in second-order derivative spectra were measured using the peak-to-peak method; the result is generally directly proportional to the concentrations of the complexes formed between HRP and NO.
Results and Discussion
Spectral analysis
All spectrophotometric measurements were carried out using a UV-Visible spectrophotometer. The working conditions of the spectrophotometer were: sampling interval 0.2 nm and spectral bandwidth 2 nm. Scan speed was selected as 2400 nm min -1 . In 0.01 M PBS (pH 7.4) under anaerobic conditions, when the HRP concentration was 3.03 µM and the NO concentrations were 0.74 and 1.4 µM, the two prepared solutions resulted in the zero-order and second-order absorption spectra as shown in Fig. 1. Figure 1a shows that HRP can form a complex with NO. Its maximum absorption wavelength is 420 nm. In addition, the baseline of the HRP system shifts upwards with the addition of NO. Though the cause of this shift is unclear, it does indeed affect the linearity between the absorbance and the NO concentration. Figure 1b shows that the amplitude of second-order derivative absorption spectra is more than that of the zero-order derivative absorption spectra. This demonstrates that the sensitivity of second-order derivative method is higher than that of the normal spectrometry in the determination of NO. In addition, the second derivative method can also eliminate the interference from various background absorptions in the HRP-NO system. The amplitude (h) between the peak at 405 nm and the valley at 420 nm was measured. Based on these amplitude values, the concentrations of HRP-NO complexes were evaluated.
Effect of HRP concentration
HRP concentration played an important role in the determination of NO. The effect of HRP concentration on the absorbance intensity was examined using different HRP concentrations (0.15 -4.2 µM) when the NO concentration was 0.67 µM. The results are shown in Fig. 2 . A maximum and stable second-order derivative value occurred when the concentration of HRP varied over the range 1.20 -4.20 µM, which is consistent with Fig. 2 . Hence, in subsequent studies, a concentration of 1.36 µM was recommended to accomplish the determinations.
Effect of pH
In an attempt to identify the optimum acidity content for the measurement, we investigated the influence of pH on the second-order derivative value in the pH range of 6.6 -8.2. The results are given in Fig. 3 . As observed, the second-order derivative value became greater with the increase of pH value, reached a maximum at pH 7.4, and then decreased. In order to obtain high sensitivity, the pH 7.40 was selected in the following procedures for the determination of NO.
Linear range, reproducibility and detection limit of the method
According to the proposed procedure, the reaction between HRP and NO was performed under the optimized conditions. When the HRP concentration was fixed in 0.01 M PBS (pH 7.4) under anaerobic conditions and the NO concentration was gradually increased, a series of solutions was prepared. The solutions resulted in second-order absorption spectra as shown in Fig. 4 . Based on Fig. 4 , the calibration curve for the determination of NO was constructed using the correlation between NO concentrations and the corresponding h values. A linear relationship was established in the NO concentration range of 0.085 -1.3 µM. The linear regression equation was h = 8.89 × 10 -2 cNO -1.56 × 10 -3 with the relevant coefficient of 0.9966 (n = 5). In this equation, cNO is NO concentration (µM) and h is the amplitude between the peak at 405 nm and the valley at 420 nm. The precision of this method was investigated with respect to repeatability or repeat analysis. This was achieved by analyzing five test portions of HRP and NO solutions. The RSD obtained for 0.5 µM of NO was 1.18%. The detection limit for NO was 0.032 µM on the basis of the standard deviation of 5 blank measurements and a signal-to-noise ratio of 3.
Interference effect
The influence of some reactive oxygen species and oxidized products of NO on the detection of NO was evaluated. Under the optimum conditions, the effects of the oxidized products of NO, such as nitrite and nitrate, and hydrogen peroxide were studied by introducing each one to an aliquot of solution consisting of 0.67 µM NO and 1.36 µM HRP. Each coexisting substance was considered to be an interfering agent when the second-order derivative value exhibited a deviation of more than the relative error values shown in Table 1 . Hence, the tolerance limit was taken as the interfering amounts of the substances that cause an error of less than the relative error values shown in Table 1 in the absence of interference. Table 1 reflects the effects of the single substances and the mixed coexisting substances on the determination of NO using second-order derivative absorption spectra. Clearly, hydrogen peroxide resulted in some disturbance for the determination of NO. This is due to the reaction of hydrogen peroxide with ferric HRP to give HRP compound I, the spectral characteristics of which are different from those of ferrous HRP. 24 
Accuracy and practical application of the method
In order to confirm the validity of the proposed derivative spectrometry for the determination of NO, we examined NO in the serum samples. The proposed method was applied to the speciation determination of NO in the serum samples. The results determined by two different laboratories are given in Table 2 . The recoveries of NO from serum samples were evaluated by comparing the actual amounts of NO added with those found by the proposed method. As shown in Table 2 , the recoveries were in the range of 81.5 -98.4%. The relative standard deviation (RSD) for three measurements at these concentrations was below 3.0%. It could be concluded that the method was feasible for the determination of NO in the serum samples. In addition, it should be noted that the found results are lower than the added values and the differences are more obvious especially in lower concentrations of NO. This may be attributed the interference from coexisting reactive oxygen species in the serum matrix.
Conclusions
An attempt was made in this study to develop analytical applications of HRP. Using HRP as single reaction reagent, we successfully applied second-order derivative spectrometry to the specific and sensitive determination of NO in serum samples. The results found in serum samples were comparable with the expected values. In comparison with the methods reported previously, the proposed method has some advantages in the aspects of high selectivity, short reaction time, good reproducibility, simple instrumentation and simple procedures.
In a further study, we plan to focus our attention on applications of the method. The proposed method has potential for the determination of NO in other samples, such as hydrophytes, cells, tissues and body fluid. It can be used in studying NO-related pathology and physiology.
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